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The acidic polysaccharide alginate represents a
promising marine biomass for the microbial produc-
tion of biofuels, although the molecular and structural
characteristics of alginate transporters remain to
beclarified. InSphingomonas sp.A1, theATP-binding
cassette transporter AlgM1M2SS is responsible for
the import of alginate across the cytoplasmic mem-
brane. Here, we present the substrate-transport char-
acteristics and quaternary structure of AlgM1M2SS.
The addition of poly- or oligoalginate enhanced
the ATPase activity of reconstituted AlgM1M2SS
coupled with one of the periplasmic solute-binding
proteins, AlgQ1 or AlgQ2. External fluorescence-
labeled oligoalginates were specifically imported
into AlgM1M2SS-containing proteoliposomes in
the presence of AlgQ2, ATP, and Mg2+. The crystal
structure of AlgQ2-bound AlgM1M2SS adopts an
inward-facing conformation. The interaction be-
tween AlgQ2 and AlgM1M2SS induces the forma-
tion of an alginate-binding tunnel-like structure
accessible to the solvent. The translocation route
inside the transmembrane domains contains
charged residues suitable for the import of acidic
saccharides.
INTRODUCTION
ATP-binding cassette (ABC) transporters are members of the
largest protein superfamily and are found in all organisms (Jones
and George, 2004). ABC transporters use the energy obtained
from ATP hydrolysis to facilitate the translocation (import or
export) of various substrates across cytoplasmic membranes.
The substrates of ABC transporters range from small molecules
such as ions, sugars, amino acids, vitamins, lipids, antibiotics,
and drugs to large molecules (Higgins, 1992). The three-dimen-Structure 23, 1643–16sional structure of several ABC transporters, including importers
for vitamin B12, maltose, molybdate, methionine, and heme,
and exporters involved in multidrug resistance, has recently
been reported, and our knowledge on their structure-function re-
lationships is increasing (Oldham et al., 2008; Locher, 2009;
Rees et al., 2009; Oldham and Chen, 2011a; Slotboom, 2014).
The common feature of all ABC transporters is that they
comprise two transmembrane domains and two nucleotide-
binding domains. The transmembrane domains comprise a heli-
ces embedded in the membrane bilayer. The nucleotide-binding
domains are responsible for energy generation through ATP hy-
drolysis. In addition to these components common to all ABC
transporters, bacterial ABC importers require a solute-binding
protein that specifically captures the substrate at the cell surface
for delivery to the appropriate ABC transporter (Spurlino et al.,
1991; Hsiao et al., 1996; Sugiyama et al., 1996; Tan et al.,
2013; Wang et al., 2014).
Bioethanol has garnered attention as an alternative fuel. To
avoid competition with food materials, lignocellulosic biomass
types such as wood, rice straw, and wheat straw have been
studied for bioethanol production. However, the presence of
lignin results in difficulty in hydrolyzing cellulose. In contrast,
acidic polysaccharides such as alginate from seaweed biomass
and pectin in primary plant cell walls can be easily extracted. The
production of ethanol from alginate or seaweed (Takeda et al.,
2011; Wargacki et al., 2012; Enquist-Newman et al., 2014) and
pectin-rich biomass (Grohmann et al., 1998; Edwards and
Doran-Peterson, 2012) has recently been reported, and related
studies are ongoing. Little is known about the import of such
acidic polysaccharides into bacterial cells, but some compo-
nents of the machinery involved in this process have been
identified. TogMNAB from Dickeya dadantii (formerly known as
Erwinia chrysanthemi) (Hugouvieux-Cotte-Pattat et al., 2001)
and AguEFG from Thermotoga maritima (Nanavati et al., 2006)
are ABC importers for pectin oligosaccharides. The solute so-
dium symporter, ToaA, from Vibrio splendidus (Wargacki et al.,
2012), and the ABC transporter, AlgM1M2SS, from Sphingomo-
nas sp. A1 (strain A1) (Momma et al., 2000) are involved in
alginate assimilation. However, the mechanical and functional
characteristics of these importers remain unclear.54, September 1, 2015 ª2015 Elsevier Ltd All rights reserved 1643
Strain A1 assimilates alginate as a primary carbon source
(Hisano et al., 1995). The acidic polysaccharide alginate is
produced by brown seaweeds and certain bacteria, and is
composed of two types of uronates, b-D-mannuronate (M) and
a-L-guluronate (G). We previously reported ethanol production
from an alginate by the genetically engineered strain A1 (Takeda
et al., 2011). When strain A1 assimilates alginate, amouth-like pit
is formed on the cell surface (Aso et al., 2006) and alginate is
concentrated around the pit (Hisano et al., 1996) (Figures S1A
and S1B). A cluster containing the genes for an ABC transporter
system and alginate lyases is crucial for alginate uptake and
degradation (Momma et al., 2000; Yoon et al., 2000; Hashimoto
et al., 2000). The expression of the gene cluster is regulated by an
alginate-dependent transcription factor, AlgO (Hayashi et al.,
2014). Similar to other bacterial ABC transporters (Locher,
2009), strain A1 ABC transporter (AlgM1M2SS) comprises two
transmembrane domains (heterodimer of AlgM1 and AlgM2)
and two nucleotide-binding domains (homodimer of AlgS). The
periplasmic alginate-binding proteins, AlgQ1 and AlgQ2, bind
alginate and mediate the transfer of the polysaccharide to
AlgM1M2SS in the cytoplasmic membrane (Momma et al.,
2005). The AlgS or AlgM1-deficient strain A1 is unable to assim-
ilate alginate, and does not exhibit pit formation on the cell sur-
face (Momma et al., 2000), suggesting a relationship between
the ABC transporter and pit. In fact, when the strain A1 genetic
segment, including the ABC transporter genes (Figure S1A),
was introduced into other sphingomonads forming no pit, the
resultant transformants were able to form pits on the cell surface
(Aso et al., 2006). The structure-function relationships of AlgQ1
and AlgQ2 were previously characterized (Mishima et al., 2003;
Momma et al., 2005; Nishitani et al., 2012). AlgQ1 and AlgQ2
exhibit 76% sequence identity, and therefore have similar prop-
erties. They can interact with both polyalginates and oligoalgi-
nates, regardless of the composition of the sugar residue of
M and G (Momma et al., 2005; Nishitani et al., 2012). However,
in contrast to alginate lyases and solute-binding proteins, the
functional characteristics and tertiary structure of the ABC trans-
porter AlgM1M2SS remain unclear.
To study the mechanism of alginate uptake, we overex-
pressed AlgM1M2SS in Escherichia coli cells, purified it to ho-
mogeneity, and functionally reconstituted it in liposomes. The
ATPase activity and transport rate of AlgM1M2SS coupled with
alginate-binding proteins were analyzed using reconstituted
proteoliposomes. The tertiary and quaternary structures of
AlgM1M2SS in detergent-solubilized form and in complex with
AlgQ2 were also determined by X-ray crystallography.
RESULTS
Overexpression of AlgM1M2SS inE. coli andPurification
Overexpression systems for AlgM1M2SS with a His-tag
sequence (10 His residues) at the N terminus of AlgM1 or the C
terminus of AlgM2 were constructed in E. coli cells (Maruyama
et al., 2012). Western blot analysis with an anti-His-tag antibody
indicated that E. coli produced AlgM2 with a His-tag at the C ter-
minus, but not AlgM1 with a His-tag at the N terminus. Of the
various combinations of E. coli strains and vectors used, E. coli
BL21-Gold(DE3)/pLysS transformed with the vector pET21b
was the most suitable for AlgM1M2SS stable expression. To1644 Structure 23, 1643–1654, September 1, 2015 ª2015 Elsevier Ltconstruct the plasmid, the strain A1 genome fragment encoding
AlgS, AlgM1, and AlgM2, in that order, was inserted between
the NdeI and XhoI sites of pET21b (Figure S1A). Thus, the
AlgM1M2SS expressed in E. coli comprised the intact AlgS
and AlgM1 as well as AlgM2 with a His-tag at the C terminus
(AlgM2(H10)).
The purification scheme was optimized by screening deter-
gents and immobilized metal affinity chromatography resins.
Among the various detergents tested, dodecyl b-D-maltoside
(DDM)was themost suitable for the solubilization of AlgM1M2SS
from E. coli cell membranes. After solubilization, AlgM1M2SS
was purified to homogeneity by affinity chromatography fol-
lowed by gel-filtration chromatography.
Various detergents were also tested for purification. Some
detergents such as n-octyl-b-D-glucopyranoside (OG),N,N-dime-
thyldodecylamine N-oxide (LDAO), 3-[(3-cholamidopropyl)dime-
thylammonio]-2-hydroxypropanesulfonate (CHAPSO), 3-[(3-chol-
amidopropyl)dimethylammonio]propanesulfonate (CHAPS), and
octaethylene glycol monododecyl ether (C12E8), were unsuitable
forpurification.However, the transporterwassuccessfullypurified
using DDM, n-undecyl-b-D-maltopyranoside (UDM), n-decyl-b-D-
maltopyranoside (DM), sucrosemonolaurate (SML), 5-cyclohexyl-
1-hexyl-b-D-maltoside (Cymal-5), or 6-cyclohexyl-1-hexyl-b-D-
maltoside (Cymal-6).
The presence of AlgS, AlgM1, and AlgM2 in the purified trans-
porter was confirmed by SDS-PAGE analysis and N-terminal
amino acid sequencing. Purified AlgM1M2SS (6 mg) was
obtained from E. coli cells cultured in 13.5 l medium. Six variants
of the ABC transporter, AlgM1(d0)M2(H10)SS(WT), AlgM1(d0)
M2(H10)SS(E160Q), AlgM1(d24)M2(H10)SS(WT), AlgM1(d24)
M2(H10)SS(E160Q), AlgM1(d33)M2(H10)SS(WT), andAlgM1(d33)
M2(H10)SS(E160Q), were purified and subjected to stability tests
as well as assays for ATPase and transport activity. The ‘‘d24’’
and ‘‘d33’’ variants of AlgM1 lacked the N-terminal residues
2–24 and 2–33, respectively. In AlgS(E160Q), Glu160 of the
AlgS subunit, which is required for ATPase activity, was replaced
by Gln. All variants were designed to express AlgM2 with a His-
tag containing ten His residues at the C terminus (AlgM2(H10)).
The first four variant transporters were stable for a few months
at 4C, but AlgM1(d33)M2(H10)SS(WT) and AlgM1(d33)M2(H10)
SS(E160Q) precipitated within a few days after purification.
ATPase Activity of AlgM1M2SS
The ATPase activity of purified AlgM1M2SS in the soluble form in
the presence of detergents was analyzed through determination
of phosphate released from ATP (Figure 1A). In the presence of
a combination of Cymal-6 and CHAPSO, ATPase activity was
enhanced by the addition of oligoalginates and AlgQ2. However,
marginal activity was detected in DDM, DM, or Cymal-6. The
enzymatic assay in the soluble form is thought to be unsuitable
due to high sensitivity to detergent variations. Thus, to measure
the ATPase activity in AlgM1M2SS-containing proteolipo-
somes instead of that of the soluble form, three constructs of
the transporter, AlgM1(d0)M2(H10)SS(WT), AlgM1(d0)M2(H10)
SS(E160Q), and AlgM1(d24)M2(H10)SS(WT), were purified using
DDM. Each purified AlgM1M2SS was reconstituted in proteoli-
posomes and its ATPase activity was measured (Figures 1B–
1D; Figure S2). Various alginates were prepared from sodium
alginate (average molecular mass, 300 kDa) and were used ford All rights reserved
Figure 1. In Vitro Assay of the ABC Trans-
porter AlgM1M2SS
Unless otherwise stated, saccharides were added
at a final concentration of 20 mM. The error bars
represent the SE. The experiments shown in each
figure were repeated three or more times using the
same purification sample of the transporter. The
values were obtained by subtracting the value for
the liposome without the alginate importer from the
value for the AlgM1M2SS-containing proteolipo-
some.
(A) AlgM1M2SS ATPase activity solubilized with the
detergents. AlgQ2 was used as a solute-binding
protein and DMMM as a substrate. The detergents
0.018% DDM, 0.06% Cymal-6, 0.18% DM, and a
mixture of 0.045% Cymal-6 and 0.25% CHAPSO
were used. The ATPase activities are represented
as the release of phosphate (nmol/min) fromATP by
1 mg of AlgM1M2SS in the reaction mixture.
(B) ATPase activity of three variants of AlgM1M2SS
reconstituted in liposomes with AlgQ2 and DMMM
or chitotetraose (chito4).
(C) Relative ATPase activity of AlgM1(d0)M2(H10)
SS(WT) reconstituted in liposomes with AlgQ1 and
various alginates. Alg, sodium alginate.
(D) Relative ATPase activity of AlgM1(d0)M2(H10)
SS(WT) reconstituted in liposomes with AlgQ2 and
various alginates.
(E) Transport rates of various ligands by AlgM1(d0)
M2(H10)SS(WT) reconstituted in liposomes. AlgQ2
and various PA-labeled saccharides were added in
the reaction mixture.
See also Figures S1 and S2.the assay. Sodium alginate was acid-hydrolyzed to obtain the
M-rich block (PM) and the G-rich block (PG). PM and PG were
separated based on their difference in solubility. Saturated algi-
nate trisaccharides (MMM and GGG) were obtained by the acid
hydrolysis of PM and PG. Unsaturated alginate trisaccharides
(DMMM and DGGG) were prepared from PM and PG through
the alginate lyase reaction. Structures of typical oligoalginates
used in the current study are shown in Figure S1C.
The ATPase activity of AlgM1(d0)M2(H10)SS(WT) and
AlgM1(d24)M2(H10)SS(WT) in the presence of AlgQ2 increased
when DMMM was added to the reaction mixture (Figure 1B).
No significant differencewasobservedbetween the two variants.
On the other hand, the ATPase activity of the transporter without
AlgQ2and substratewas comparablewith thatwith the substrate
(DMMM) in the absence of AlgQ2 (Figure S2A). As expected, a
marginal ATPase activity was detected in AlgM1(d0)M2(H10)
SS(E160Q) (Figure 1B). An alternative saccharide, chitotetraose,
was used as a control, and did not induce the ATPase activity of
either AlgM1M2SS variant (Figure 1B). However, the activity of
AlgM1(d0)M2(H10)SS(WT) increased 2- to 5-fold by oligoalgi-
nates or PM compared with its ATPase activity in the absence
of alginate, which was considered 100% (Figures 1C and 1D). A
smaller increase in ATPase activity was observed in the presence
of a polyalginate (sodium alginate). AlgQ1 and AlgQ2 have beenStructure 23, 1643–1654, September 1, 2015reported to strongly recognize non-
reducing terminal sugar residue (Momma
et al., 2005; Nishitani et al., 2012) and tointeract with MMM, DMMM, GGG, and DGGG (Nishitani et al.,
2012). As shown in Figures 1C and 1D, PG had little effect on
the ATPase activity of AlgM1(d0)M2(H10)SS(WT) reconstituted
with AlgQ1 and AlgQ2, respectively, probably because PG tends
to formahigher-order structurewith thedivalent cation present in
the reactionmixture. The longer alginate,DMMMMandDGGGG,
also stimulated the ATPase activity of the transporter (Fig-
ure S2B). Overall, both polyalginates and oligoalginates specif-
ically stimulated the ATPase activity of AlgM1M2SS. Oligoalgi-
nates had a stronger effect on the activity than polyalginates
(PM, PG, and sodium alginate).
Alginate Transport Activity
AlgM1(d0)M2(H10)SS(WT) was reconstituted in liposomes in
the presence of ATP and MgCl2, and the transport activity
was initiated by adding AlgQ2 and a 2-pyridylaminated (PA)-
saccharide (Figure 1E; Figure S2). Transport activities were
detected when both ATP and AlgQ2 were present, but not
when either of them was absent (Figure S2C). AlgM1(d0)
M2(H10)SS(WT) transported PA-oligoalginates comprising
either M or G with either a saturated or an unsaturated sugar
residue at the non-reducing end. However, PA-chitotetraose
was not transported, suggesting that AlgM1M2SS is specific
for the transport of oligoalginates. Alginate tetrasaccharidesª2015 Elsevier Ltd All rights reserved 1645
Table 1. Crystallization Conditions, Data Collection, and Structure Refinement
AlgM1M2SS/AlgQ2 SeMet-AlgM1M2SS/AlgQ2 AlgM1M2SS
Crystallization Conditions
Sample solution 7 mg/ml AlgM1(d24)M2(H10)
SS(E160Q),
7 mg/ml SeMet-AlgM1(d24)M2(H10)
SS(WT),
10 mg/ml AlgM1(d24)M2(H10)
SS(E160Q),
3 mg/ml AlgQ2, 3 mg/ml AlgQ2, 7 mg/ml AlgQ2,
1 mM DMMM, 1 mM DMMM, 2 mM ATP,
3.6 mM DM, 1.2 mM Cymal-6, 1.2 mM Cymal-6
16 mM CHAPSO 16 mM CHAPSO
Reservoir solution 18% PEG3000, 18% PEG4000, 22% PEG4000,
0.15 M NaCl, 0.15 M sodium potassium tartrate, 0.15 M sodium potassium tartrate,
0.1 M N-(2-acetamido)iminodiacetic
acid (pH 6.6)
0.1 M N-(2-acetamido)iminodiacetic
acid (pH 6.6)
0.1 M N-(2-acetamido)iminodiacetic
acid (pH 6.6)
Data Collection
Wavelength (A˚) 1.00000 0.97939 1.00000
Resolution range (A˚) 30.0–3.2 (3.31–3.20)a 50.0–3.8 (3.94–3.80)a 30.0–4.5 (4.58–4.50)a
Space group P212121 P212121 P1
Unit-cell parameters (A˚, ) a = 71.37, b = 134.18, c = 273.80 a = 71.82, b = 132.93, c = 271.57 a = 115.25, b = 151.19, c = 162.41
a = 68.66, b = 81.76, g = 90.10
Total observations 157,621 178,605 119,470
Unique reflections 43,105 48,893 57,115
Completeness (%) 97.6 (96.1) 99.2 (98.8) 96.2 (91.4)
I/s(I) 23.9 (3.2) 30.8 (8.0) 14.7 (1.3)
Rmerge 0.089 (0.516) 0.084 (0.278) 0.049 (0.597)
Refinement
Resolution range (A˚) 30.0–3.2 30.0–4.5
Rwork/Rfree 0.233/0.279 0.279/0.319
No. of atoms
Protein 14,154 40,492
Alginate 48 –
Calcium ion 1 –
Rmsd
Bond lengths (A˚) 0.005 0.004
Bond angles () 1.044 1.118
Ramachandran plot
Most favored (%) 92.0 89.1
Allowed (%) 7.3 9.4
Outlier (%) 0.7 1.5
aThe highest-resolution shell is shown in parentheses.were the most suitable in size for substrate import. Longer
oligoalginates (8–20M and 8–20G), which were mixtures of oli-
gomannuronates or oligoguluronates with degrees of polymer-
ization from 8 to 20, were unexpectedly not transportable in
this assay.
Overall Architecture of AlgM1M2SS in Complex with
AlgQ2
To elucidate the structural basis of alginate uptake, we deter-
mined the tertiary structure of AlgM1M2SS in complex with
an alginate-binding protein by using X-ray crystallography.
Several combinations of proteins, detergents, and nucleotides
were used in the crystallization attempts (Maruyama et al.,1646 Structure 23, 1643–1654, September 1, 2015 ª2015 Elsevier Lt2012), and diffraction data of crystals derived under different
conditions were collected. A crystal of AlgM1(d24)M2(H10)
SS(E160Q) in complex with AlgQ2 that diffracted to 3.2 A˚ res-
olution was subjected to structural determination. The data
collection and refinement statistics are summarized in Table 1.
The structure was initially determined by molecular replace-
ment using the coordinates of tetrasaccharide-bound AlgQ2
(PDB: 1J1N) (Mishima et al., 2003). Other subunits were also
solved by molecular replacement using overall structures
of the E. coli maltose transporter MalFGK2 (PDB: 2R6G and
3FH6), the molybdate/tungstate transporter ModBC from
Archaeoglobus fulgidus (PDB: 2ONK) and Methanosarcina ace-
tivorans (PDB: 3D31), and the E. coli methionine transporterd All rights reserved
Figure 2. Structure of the ABC Transporter
AlgM1M2SS in Complex with the Periplas-
mic Binding Protein AlgQ2
Wall-eyed stereo view of the ribbon diagram. Pink,
AlgQ2; blue, AlgM1; green, AlgM2; orange and
cyan, AlgS. Oligomannuronate is shown as a stick
model. Calcium ion is shown as a yellow sphere.
See also Figure S3 and Table S1.MetNI (PDB: 3DHW), but failed. Based on the similarity in pri-
mary structure, we used subunits of the maltose transporter
as search models. The N-terminal 258 residues specific for
MalF were omitted from the model. The structure was success-
fully solved (Figure S3A) using each subunit, MalF, MalG, or
MalK (PDB: 2R6G), in that order. A selenomethionine (SeMet)
derivative of AlgM1M2SS was also used to construct the model
(Figure S3B). The overall structure (Figure 2) consists of two
transmembrane subunits, AlgM1 and AlgM2, in complex with
two copies of AlgS on one side and the alginate-binding protein
AlgQ2 on the other side. The topology of AlgM1 and AlgM2
(Figures S3C and S3D) reveals that the transporter belongs to
the type I ABC importers (Locher, 2009). Each AlgM1 and
AlgM2 subunit presents six transmembrane helices (helices
1–6), two cytoplasmic helices (helices 4a and 4b), and five peri-
plasmic helices (helices 1a, 3a, 3b, 5a, and 5b) (Figures S3C
and S3D). AlgM2 presents an additional helix, 5c, on the peri-
plasmic side. The transporter adopts an inward-facing confor-
mation, with AlgM1 and AlgM2 open to the cytoplasm and
the ATP-binding sites of the AlgS dimer widely separated.
The fold of AlgM1M2SS resembles scaffolds previously
observed in MalFGK2 (maltose transporter from E. coli) (Old-
ham et al., 2007), ModBC (molybdate/tungstate transporter
from M. acetivorans) (Gerber et al., 2008), ModABC (molyb-
date/tungstate transporter from A. fulgidus) (Hollenstein et al.,
2007), and MetNI (methionine transporter from E. coli) (Kadaba
et al., 2008). Motifs that are highly conserved among ABC
transporters were also found in AlgM1M2SS, such as the
EA/SA motif (Glu217-Ser218-Ala219 in AlgM1 and Glu173-
Ala174-Ala175 in AlgM2), the walker A motif (GXXGXGKS/T,
where X is any amino acid; Gly37-Pro38-Ser39-Gly40-Cys41-
Gly42-Lys43-Ser44 in AlgS), the walker B motif (VVVVD, in
which V is a hydrophobic residue; Val155-Phe156-Leu157-
Phe158-Asp159 in AlgS), and the ABC signature motif (LSGGQ;Structure 23, 1643–1654, September 1, 2015Leu135-Ser136-Gly137-Gly138-Gln139 in
AlgS). Thearrangementof theseconserved
motifs is consistent with the arrange-
ment observed in known ABC transporter
structures.
Since a large amount of the trisaccha-
ride (DMMM) was readily obtained from
alginate, DMMM was added to the crys-
tallization drop. However, a density map
corresponding to the tetrasaccharide
was observed in AlgQ2 (Figure 3).
Because few other saccharides such as
tetrasaccharide and disaccharide were
detected in the DMMM solution used for
crystallization by thin-layer chromatog-raphy (TLC), it is likely that the trisaccharides were accommo-
dated in the two ways.
Overall Structure of Solute-Binding Protein-Free
AlgM1M2SS
Alginate-binding protein-free AlgM1M2SS was also crystallized.
The crystal was obtained in the crystallization droplet containing
AlgQ2 and ATP but not oligoalginate. AlgQ2-free AlgM1M2SS
was found to be included in the crystal through structure
determination. This is probably caused by difficult interaction
between ligand-free AlgQ2 and the transporter. The crystal
structure was determined at 4.5 A˚ resolution by molecular
replacement using the coordinates of the AlgM1M2SS heterote-
tramer determined herein (Table 1; Figure 4A). Although the
density map for the AlgS dimer was relatively poor, the density
for the transmembrane helices of AlgM1 and AlgM2 was rigor-
ously observed (Figure S4). The conformation of AlgQ2-free
AlgM1M2 was identical to that of the AlgQ2-bound form (Fig-
ure 4B). The root-mean-square deviation (rmsd) among the
283 Ca atoms of the two AlgM1 subunits was 0.32 A˚, and the
rmsd among the 275 Ca atoms of the two AlgM2 subunits
was 0.50 A˚ (Table S1).
Interaction between Subunits
AlgQ2 is divided into two structural domains called the N- and
C-terminal domains. Alginate binds to a deep cleft at the inter-
face formed by the two domains. This association accompanies
an inter-domain closure of approximately 30 (Mishima et al.,
2003). The conformation of AlgQ2 in the complex form with
AlgM1M2SS is essentially identical to that observed in the previ-
ously reported structure of oligoalginate-bound AlgQ2 (Mishima
et al., 2003). At the interface between AlgQ2 and AlgM1M2, helix
5c of AlgM2 protrudes considerably into the AlgQ2 side and
covers half the alginate-binding cleft of AlgQ2 (Figure 2). Theª2015 Elsevier Ltd All rights reserved 1647
Figure 3. Kicked jFoj–jFcj Omit Map Around the Substrate
Density maps are contoured at 2.0s.
(A) Wall-eyed stereo view of density map with DMMMM. Subsites 1–4 are
numbered.
(B and C) Probable DMMM conformations bound to AlgQ2.
Figure 4. Structure of the Binding Protein-Free Form of the ABC
Transporter AlgM1M2SS
(A) Quaternary structure of AlgM1M2SS. Wall-eyed stereo view of the ribbon
diagram. Blue, AlgM1; green, AlgM2; orange and cyan, AlgS.
(B) Structural comparison of AlgQ2-free and AlgQ2-bound AlgM1M2. A
wall-eyed stereo view of the superimposition of binding protein-free and
protein-bound AlgM1M2. Pink, AlgQ2-free AlgM1M2; light blue, AlgQ2-bound
AlgM1M2.
See also Figure S4.other half of AlgQ2 alginate-binding cleft is partially covered by
AlgM1. The uncovered part of the alginate-binding cleft of
AlgQ2 resembles the entrance of a tunnel that continues inside
AlgQ2 (Figure 5A). AlgQ2 accommodates oligoalginate at the
back of the tunnel (Figure 5B). The length of this tunnel is
approximately 30 A˚, corresponding to the length of alginate
heptasaccharides.
AlgM1M2 interacts with AlgS primarily through helices 4a,
called the conserved coupling helices (EA/SA motifs). Each
coupling helix of AlgM1 or AlgM2 protrudes into a surface cleft
of AlgS and lies approximately parallel to the membrane bilayer.
These interaction modes are consistent with the known struc-
tures of ABC transporters.
Inner Cavity of AlgM1M2
AlgM1M2 contains a large cavity that is accessible from the cyto-
plasm (Figure 5C). The periplasmic end is fully closed, whereas
the cytoplasmic end is slightly open and surrounded by hydro-1648 Structure 23, 1643–1654, September 1, 2015 ª2015 Elsevier Ltphobic amino acid residues such as Phe199, Ile202, Val203,
and Leu245 of AlgM1 and Phe155, Leu159, Leu203, Leu204,
Ile207, and Phe282 of AlgM2. The distance between the peri-
plasmic and cytoplasmic ends of this cavity is approximately
27 A˚, which corresponds to approximately six residues of linear
alginate. The size of the cytoplasmic end of the cavity is approx-
imately 83 20 A˚. The opening is just large enough to admit M or
G of alginate.
The molecular surface of the transmembrane region that
faces lipids in AlgM1M2 is hydrophobic, whereas the surface
of the inner cavity is charged (Figure 6A). A positive charge is
observed at the periplasmic side of the inner cavity due to res-
idues AlgM1 Lys195 and AlgM2 Arg209. When AlgM1 and
AlgM2 were superimposed onto MalF and MalG in the saccha-
ride-binding maltose transporter (PDB: 2R6G), respectively, the
residues corresponding to the maltose-binding residues were
deduced (Figure 7). As in the case of the maltose transporter,
all the deduced residues were from AlgM1, but not from
AlgM2. AlgM1 charged residues, Lys195, Glu196, Asp200,
and Arg249, are located around the putative ligand-binding
site deduced from the structure of MalFGK2. This is an
AlgM1M2 characteristic because there is no charged residue
in the inner cavity of the maltose transporter whose structure
resembles that of AlgM1M2SS.d All rights reserved
Figure 5. Inner Spaces of the ABC Trans-
porter, AlgM1M2SS, in Complex with the
Periplasmic Binding Protein AlgQ2
(A) Surface model of AlgQ2 (pink) associated with
AlgM1 (blue) and AlgM2 (green). The reducing end
residue of oligomannuronate, shown as a stick
model, is visible from the outside of the molecule.
(B) Tunnel-like void (meshed) formed at the inter-
face between AlgQ2 and AlgM1.
(C) Inner space (meshed) formed by AlgM1 (blue)
and AlgM2 (green). The void volume (meshed) was
calculated to be 3,218 A˚3.
(D) Docking model of AlgQ2/AlgM1M2 with
hexadecamannuronate. Simulated model of oli-
gomannuronate is represented as a stick model.Charged residues (AlgM1 Lys195, Glu196, Asp200, Arg249,
and Glu259, and AlgM2 Arg209) in the cavity of AlgM1(d24)
M2(H10)SS(WT), as well as histidine residues (AlgM1 His141
and His252), were mutated to alanine by site-directed mutagen-
esis. The ATPase activity and transport rate of these mutant
transporters were measured using AlgQ2 and PA-DMMMM as
a substrate (Figure 8). Compared with AlgM1(d24)M2(H10)
SS(WT), both ATPase and transport activities of H141A and
E196A decreased to <50%, suggesting that replacement of
His141 or Glu196 by alanine disturbed the conformational
change accompanying ATP hydrolysis, resulting in a decrease
in the substrate-transport rate of these mutants. On the other
hand, in E259A, R209A, and E196A/E259A mutants, transport
activities decreased to <40%, but ATPase activities remain
high (60%, 80%, and 103%, respectively), suggesting that the
conformational change occurred in these mutants, but the sub-
strate was hardly transported. Because AlgM1 Glu259 and
AlgM2 Arg209 are present at the periplasmic side of the inner
cavity, changes in the surface charge distribution might prevent
the substrate translocation in these mutants. In K195A and
R249Amutants, both ATPase and transport activities decreased
more moderately, whereas Asp200 and His252 mutations re-
sulted in higher ATPase activity and 63%–92% transport activity.Structure 23, 1643–1654, September 1, 2015Structure and Function of AlgS
AlgS possesses an N-terminal ATP-
binding domain and an additional C-ter-
minal domain similar to those of E. coli
MalK and MetN, and M. acetivorans
ModC. As shown in Table S1, tertiary
structures of these transporters are
very similar. However, when comparing
the AlgS dimer structure with that of
other ABC transporters, the values of
rmsd and numbers of matching Ca
atoms indicate that conformation of the
AlgS dimer was mainly similar to that
of the MalK dimer in the binding pro-
tein-free maltose transporter. The C-ter-
minal domain of some ABC proteins
regulates ATPase activity by interaction
of transport substrate in the cell (Gerber
et al., 2008; Kadaba et al., 2008). How-
ever, ATPase activity was not inhibitedby increasing oligosaccharide concentration in AlgM1M2SS
(Figure S2E).
DISCUSSION
The first step of alginate uptake via the ABC transporter in strain
A1 is the accommodation of alginate by the periplasmic solute-
binding protein AlgQ1 or AlgQ2. This step was previously inves-
tigated in detail by determining the affinity of AlgQ1 and AlgQ2
for various oligoalginates as well as their X-ray crystal structures
in holo form (Momma et al., 2005; Nishitani et al., 2012). AlgQ1
and AlgQ2 recognize the non-reducing terminal residue of algi-
nate with at least four subsites, and have a broad substrate pref-
erence for M and G. The substrate specificity of the ATPase
activity of reconstituted AlgM1M2SS (Figure 1) was broadly
consistent with these results. Because the oligoalginate-bound
form of AlgQ1 and AlgQ2 did not exhibit structural changes, de-
pending on the type of bound alginate (Momma et al., 2005;
Nishitani et al., 2012), the interaction between AlgM1M2 and
the solute-binding protein is thought to be independent of the
alginate type. Thus, the promotion of AlgS ATPase activity by
alginate depends on the ability of the alginate-binding proteins
to interact with the substrate. As shown in Figures 1C and 1D,ª2015 Elsevier Ltd All rights reserved 1649
Figure 6. Surface andCharge Distribution of
the Inner Cavity
Red, negative charge; blue, positive charge.
Electronic charges were calculated using the
APBS program (Baker et al., 2001).
AlgM1 and AlgM2 (A) and MalF and MalG (B) from
the E. coli maltose transporter (PDB: 3FH6).for AlgQ1 and AlgQ2, polyalginates such as sodium alginate and
PM promoted ATPase activity. Because these saccharides are
much longer than the subsites of AlgQ1 and AlgQ2, and the
void formed by AlgQ2 and AlgM1M2 is too small to accommo-
date entire polyalginates, the tunnel-like structure that opened
to the solvent (Figures 5A and 5B) suggests that non-reducing
terminal residue of polyalginate trapped in the tunnel and other
residues are flexible outward of the protein.
However, AlgM1M2SS substrate specificity for the transport
activity is inconsistent with that of the ATPase activity (Figure 1).
This may be because substrates for these assays were different.
Non-labeled oligoalginate was used for ATPase activity, while
PA-labeled oligoalginate was utilized for transport assay. PA-
derivatized fluorescence-labeled oligoalginate with a modified
reducing end sugar can be transported into the proteoliposome,
suggesting that the recognition of the reducing terminal sugar is
less important in the transport system. In fact, AlgM1(d24)
M2(H10)SS(WT) ATPase activities using DMMM, DMMMM,1650 Structure 23, 1643–1654, September 1, 2015 ª2015 Elsevier Ltd All rights reservedand PA-DMMMM as substrates were
comparable (Figure S2B). However, the
structure of the reducing terminal residue
was significantly different between non-
labeled and PA-labeled oligoalginate (Fig-
ure S1C). Therefore, caution is required
in interpreting the experimental results.
Alginate trisaccharide transport by
reconstituted AlgM1M2SS was reduced
compared with tetrasaccharide transport
(Figure 1E). This decreased transport
may be due to a minimal interaction of
alginate-binding proteins with the PA-
reducing terminal sugar of the trisaccha-
ride at subsite 3. Alginates longer than
heptasaccharides (8–20M and 8–20G),
which are longer than the length of the in-
ner cavity of AlgM1M2 when the alginateadopts a linear conformation, were also not transported by
AlgM1M2SS. Because alginate-degrading enzymes are present
in the cytoplasm in strain A1 (Yonemoto et al., 1992) and strain
AL-L, a strain A1 derivative with mutations in the AlgS gene is un-
able to assimilate polyalginate (Momma et al., 2000); strain A1
has been thought to incorporate polyalginate into the cytoplasm.
However, in the in vitro assay system used in the current study,
AlgM1M2SS failed to transport the polysaccharide. Additional
factors such as the alginate concentrator pit formed on the cell
surface of strain A1 (Figures S1A and S1B) may be required for
macromolecular transport by AlgM1M2SS.
Sugar transport by the maltose ABC transporter has been
extensively characterized. Among known structures of bacterial
ABC transporters, the structure of AlgM1M2SS most closely
resembles the structure of the maltose ABC transporter. The
sequence identities of AlgM1 versus MalF, AlgM2 versus MalG,
and AlgS versus MalK are 24%, 26%, and 53%, respectively.
The conformation of AlgM1M2SS is more similar to that of theFigure 7. Structure Comparison of
AlgM1M2 Inner Cavity with that of MalFG
(A) MalF and MalG. A maltose molecule bound in
the inner cavity of MalFG (PDB: 2R6G) and its
surrounding residues are shown as a stick model.
Blue, MalF; green, MalG.
(B) AlgM1 and AlgM2 superimposed on MalF and
MalG in (A), respectively. Charged residues in
AlgM1M2 inner cavity and/or the corresponding
residues presented in (A) are shown as a stick
model. Blue, AlgM1; green, AlgM2.
Figure 8. Functional Analysis of AlgM1M2SS Mutants
AlgQ2 was used as a solute-binding protein and PA-DMMMM as a substrate.
To avoid the experimental error based on the protein purification batch, each
mutant transporter and wild-type AlgM1(d24)M2(H10)SS(WT) was purified and
assayed in parallel. Relative ATPase activity and transport rate are represented
when those of AlgM1(d24)M2(H10)SS(WT) are set as 100%. The error bars
represent the SE (n > 2).
(A) ATPase activity of AlgM1(d24)M2(H10)SS(WT) and its variants recon-
stituted in liposomes.
(B) Transport rate of AlgM1(d24)M2(H10)SS(WT) and its variants reconstituted
in liposomes.resting state model of MalFGK2 without MalE (PDB: 3FH6) (Bor-
dignon et al., 2010) in comparison with the model of MalFGK2 in
complex withMalE (PDB: 2R6G and 3PV0). As shown in Figure 9,
the structures of the nucleotide-binding subunits (AlgS) and
coupling helix-mediated interactions between the transmem-
brane domains (AlgM1 and AlgM2) and nucleotide-binding
domains (AlgS) are common to those of the maltose transporter
and molybdate/tungstate transporter. However, the periplasmic
solute-binding protein and its interaction with the transmem-
brane domain are specific to the individual transporter. The con-
tact area between AlgQ2 and AlgM1M2 is smaller than that
between MalE and MalFG and between ModA and ModBC,
and is characteristics in that helix 5c of AlgM2 protrudes into
AlgQ2.
In the maltose transporter, MalFG, conformation changes
upon interacting with the solute-binding protein MalE (OldhamStructure 23, 1643–16and Chen, 2011b). In the pre-translocation model of MalFGK2
(PDB: 3PV0) in complex withMalE, maltose was bound toMalFG
inner cavity as well as to MalE substrate-binding cleft. However,
the substrate was found only in AlgQ2 in the case of AlgM1M2SS
complexed with AlgQ2. In contrast to the slight, but significant
conformational changes observed in the solute-binding pro-
tein-free and protein-bound MalFG, the conformation of
AlgM1M2 without the periplasmic solute-binding protein was
identical to the conformation of AlgM1M2 in complex with
AlgQ2 (Figure 4B), suggesting that the ABC transporter in the
resting state conformation can bind solute-binding protein
without conformational change. The absence of allosteric
coupling might be due to the detergent used for crystallization
because the transporter was inactive in the presence of deter-
gents such as DDM, Cymal-6, and DM (Figure 1A).
Recently, structures of MalE-bound MalFGK2 with maltohep-
taose and maltopentaose have been reported (Oldham et al.,
2013). In the maltose transporter, which imports maltodextrin
up to the size of heptasaccharides, the reducing end of the sub-
strate is located behindMalE, and the non-reducing terminal res-
idues are flexible in the void formed between MalE and MalFG.
The reducing end of maltodextrin interacts with MalG, and
the modification of the reducing end prevents transport in the
maltose transporter system. However, no interaction between
oligoalginate and AlgM1M2was observed in the crystal structure
determined in the current study. The interaction between AlgQ2
and alginate differs from that between MalE and maltodextrin in
that the non-reducing end is recognized tightly at the back of
AlgQ2 cleft. The tunnel-like structure shown in Figure 5 is also
specific to AlgQ2 and AlgM1M2. Since AlgQ2 enhanced the
ATPase activity of the ABC transporter in the presence of algi-
nate polysaccharide (Figure 1D), interaction of alginate hexade-
casaccharide with the tunnel-like structure was simulated by
using a docking program (Figure 5D). The substrate seems to
be effectively accommodated at the inner space of AlgQ2 and
the interface formed between AlgQ2 and AlgM1M2, suggesting
that the tunnel-like structure is suitable for import of longer
oligoalginates.
An inner cavity is also observed in MalFG (PDB: 3FH6). The
distinctive charged residues observed at the surface of the cavity
of AlgM1M2 are absent in MalFG (Figure 6B). The site-directed
mutagenesis study (Figure 8) suggests that the negative andpos-
itive charge, derived fromGlu259 and Arg209 on the periplasmic
side of AlgM1 and AlgM2, respectively (Figure 6A), may
contribute to the effective passing of the negatively charged sub-
strate from the alginate-binding protein without influencing
AlgM1M2 conformational change. The correct positioning of
the substrate might fail in other mutants, showing reduced
ATPase and transport activities such as H141A, K195A, E196A,
and R249A mutants. As a result, it might be difficult to change
the conformation of such mutants upon ATP hydrolysis by AlgS.
In conclusion, the first crystal structure of the alginate uptake
transporter AlgM1M2SS suggests structural determinants
responsible for the transport of acidic saccharides by this ABC
transporter. Although the basic scaffolds of ABC transporters
are conserved regardless of the substrate, the interaction of
the solute-binding protein and transmembrane domain and
the surface structure of the inner cavity are specific to each
substrate.54, September 1, 2015 ª2015 Elsevier Ltd All rights reserved 1651
Figure 9. Comparison of the Quaternary
Structure of ABC Transporters
Ribbon diagrams of alginate transporter, maltose
transporter (PDB: 3PV0), and molybdate/tung-
state transporter (PDB: 2ONK) are shown. Bound
substrates in the solute-binding protein are rep-
resented as a sphere model.EXPERIMENTAL PROCEDURES
Protein Expression and Purification
E. coli BL21-Gold(DE3)/pLysS was used as the host strain for the expression of
various types of AlgM1M2SS (Table S2). The methionine auxotrophic E. coli
strain B834(DE3) was used to prepare SeMet-substituted AlgM1M2SS. Terrific
broth with 0.4% glycerol, 1% glucose, and 2 mM MgSO4 (Losen et al., 2004)
was used tocultureBL21-Gold(DE3)/pLysSandminimalmediumcontainingSe-
Met (25mg/ml) was used to culture B834(DE3). Cells were collected by centrifu-
gation at 6,0003 g and 4C for 5 min, suspended in a standard buffer (20 mM
Tris-HCl [pH 8.0], 100mMNaCl, 10mMMgCl2, and 10%glycerol), and ultrason-
ically disrupted (InsonatorModel 201M, Kubota) for 20min on ice. The superna-
tant fraction obtained after centrifugation at 20,000 3 g and 4C for 20 min to
remove cell debris was further ultracentrifuged at 100,000 3 g and 4C for
1 hr. The pelleted membranes were solubilized with 1% DDM (Dojindo) and
loaded on an Ni-NTA column (Qiagen). After being washed with standard buffer
containing13criticalmicelle concentration (CMC) of detergent and20mM imid-
azole, the sample was eluted using a linear gradient of imidazole (20–200 mM).
The proteins were confirmed by SDS-PAGE, combined, and concentrated by
ultrafiltration. The sample was then applied to a HiLoad 16/60 Superdex 200
PG or Superdex 200 GL column (GE Healthcare Science) and eluted using
standard buffer containing 23CMC of detergent. Detergent exchangewas per-
formed during protein purification at the affinity chromatography step. Purified
AlgM1M2SS was concentrated to a final concentration of 10 mg/ml and stored
at 4C. The AlgM1(d24)M2(H10)SS(WT) selenomethionine derivative was puri-
fied using the same method, except that 5 mM 2-mercaptoethanol was added
throughout the purification process. The purified protein concentration was
determined using a bicinchoninic acid protein assay kit (Pierce).
AlgQ1 and AlgQ2 were expressed and purified as previously described
(Nishitani et al., 2012).
Preparation of Fluorescence-Labeled Alginate Oligosaccharides
Oligoalginates were derivatized with 2-aminopyridine (2-AP), as reported pre-
viously (Ishii et al., 2001), with slight modifications. In brief, alginate oligosac-
charides (0.4%)weredissolved in 1ml of 1.0MNaCNBH3 (WakoPureChemical
Industries) and 0.5M 2-AP (Wako Pure Chemical Industries), then incubated at
40C for 20 hr. The pH of the solution was adjusted to 5.8 with 10% acetic acid
before incubation. The reaction mixture was applied to a Bio gel P2 column to
remove unreacted 2-AP. The column was developed with distilled water. The
absorbance of the eluent was monitored at 300 nm to detect 2-AP and PA-
saccharides. The UV-positive fractions were pooled and confirmed by TLC.
Freeze-dried oligosaccharides were dissolved in 50 mM ammonium bicarbon-
ate and applied to a HiTrapQ HP column (GE Healthcare Science). Oligo-
saccharides were eluted using a linear gradient of 50–500 mM ammonium1652 Structure 23, 1643–1654, September 1, 2015 ª2015 Elsevier Ltd All rights reservedbicarbonate. Fractions containing PA-oligosac-
charides were confirmed by TLC and freeze-dried
to remove ammonium bicarbonate.
Preparation of Proteoliposomes
Soybean L-a-phosphatidylcholine (Type II-S,
Sigma) was dissolved in chloroform at a concen-
tration of 33 mg/ml. Chloroform was removed by
rotary evaporation (N-1000-WD, Eyela), and any
residual solvent was removed under vacuum for
3 hr. The dried lipids were then hydrated by incu-
bation at 50 mg/ml in 20 mM Tris-HCl (pH 8.0)
with 1 mM DTT at room temperature. The solution
was sonicated three times on ice using a rod son-icator (Sonics & Materials). The hydrated lipid solution was frozen in liquid
nitrogen and thawed at 37C. After seven rounds of freezing and thawing,
the liposome solution was stored at 80C.
The lipids were thawed in a water bath at 37C before use and extruded 17
times through a 100-nm polycarbonate membrane using a Mini-Extruder
(Avanti Polar Lipids). Purified AlgM1M2SS (at a 1:80 ratio [w/w] of protein/
lipids) and OG (final 1.4%) were added to the mixture. The mixture was equil-
ibrated at room temperature for 10 min. The solution was diluted 30-fold with
20 mM Tris-HCl (pH 8.0) and incubated on ice for 1 hr.
Assay for ATPase Activity and Alginate Transport
The ATPase activity of AlgM1M2SS-containing proteoliposomes was
measured in 200-ml reaction mixtures containing 1.3 mg/ml lipids, 0.1 mM
AlgM1M2SS, 1.3 mM AlgQ1 or AlgQ2, 20 mM Tris-HCl (pH 8.0), 2 mM ATP,
10mMMgCl2, and alginate polysaccharides or oligosaccharides. The reaction
mixtureswere incubated at 37C.Samples (30ml) were removed at various time
points andadded to30ml of 12%SDS tostop the reaction. Inorganic phosphate
was then assayed colorimetrically (Chifflet et al., 1988). ATPase activity was
represented as phosphate (nmol) produced by 1 mg AlgM1M2SS per 1 min.
To measure the uptake of alginate, ATP and MgCl2 (each at a final concentra-
tion of 5 mM) were added to the proteoliposomes. The mixture was frozen in
liquid nitrogen and thawed in a water bath at 20C. The freeze-thaw cycle
was repeated three times to incorporate all components into the vesicle lumen,
and themixture was then extruded five times through a 100-nm polycarbonate
membrane using a Mini-Extruder (Avanti Polar Lipids). The proteoliposome
mixtures were ultracentrifuged at 150,0003 g and 4C for 30 min. The precip-
itated proteoliposomes were then resuspended in 20 mM Tris-HCl (pH 8.0).
Alginate-binding protein and PA-oligoalginate were added to begin the
transport reaction. The final concentrations in the transport reaction were
1.3 mg/ml lipids, 0.1 mMAlgM1M2SS, 20 mMof each PA-alginate oligosaccha-
ride, and 1 mMalginate-binding protein, in a total volume of 600 ml. The reaction
mixtures were incubated at 37C for 60 min and the proteoliposomes were
recovered by ultracentrifugation at 150,0003 g and 4C for 15min. The result-
ing precipitantswere rinsed and resuspended in distilledwater. The concentra-
tion of PA-oligoalginates incorporated into the liposomeswas estimated by the
fluorescence intensity (excitation, 310 nm; emission, 380 nm) after subtracting
the value measured using liposomes without the ABC transporter.
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